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 Abstract: South Africa had in the past years 
been experiencing an increased energy demand. High 
energy crisis called for research and development in a 
quest for alternative energy sources (waste to energy) 
that drive the Nation economy forward in line with 
Sustainable and National development goals. Utilizing 
organic waste to produce biogas as a source of energy 
could significantly help alleviate this problem. Biogas 
is renewable energy, a mixture primarily consisting of 
methane (CH4) and carbon dioxide (CO2). The study 
evaluated mono-digestion of market waste (MW), 
abattoir waste (AW), and grass (G) and co-digestion 
of the three mix of substrate by determining their 
biomethane potential under mesophilic conditions of 
37oC. It was found that the mono-digestion of grass 
produced high methane (1035.3 Nml) after the 
stipulated 14 days of hydraulic retention time, Abattoir 
waste, and market waste produced 722.1 Nml and 
470.7 Nml of methane respectively, and the co-
digestion of all substrates produced 1013.1 Nml of 
methane after 14 days. Co-digestion of the substrates 
assisted to regulate the anaerobic digestion condition 
or variables for biomethane production. Co-digestion 
of the substrate was recommended for optimality or 
increase in methane yield. 
 Keywords: Biogas, Biomethane, Digestion, 
Substrate, Renewable energy, Waste to Energy,   
1. INTRODUCTION 
 South Africa has in past years been 
experiencing an increased energy demand, especially 
the need for electrical power. In fact, the country’s 
coal power stations were unable to meet demand that 
the nation experienced power outages. The use of coal 
power has called forth the introduction and 
implementation of the carbon tax policy 2019. Further, 
fuel price hikes stalled the economy. An increasing 
national population only means an increasing energy 
demand. This energy crisis, therefore, called for 
research to be carried out on alternative energy sources 
to help alleviate and at most solve the nation’s 
problem. An example of alternative energy production 
could be taken from the United State of America and 
Europe, where market waste from shops and 
restaurants are processed using anaerobic digestion 
(AD) technology to produce biogas [1]. This research 
study analyses methane potentials of the co-digestion 
of abattoir waste, organic market waste, and grass 
waste substrates in anaerobic digestion (AD).  
The Republic of South Africa had been 
experiencing an energy crisis since 2007 due to 
increase in population, urbanization and 
industrialization [2]. The country’s over reliance on 
coal to produce electrical power has failed to meet 
national demand, and sporadic global oil prices have 
at times caused fuel price hikes, negatively affecting 
the economy. Further, combustion of these fossil fuels 
(coal and crude oil) is known to have severe effects on 
the health of human beings, animals, and the 
environment. Fossil fuels have been found to cause air 
pollution and the adverse effects of the air pollution on 
human health and contribute heavily to global 
warming [3]. Therefore, the nation and the world at 
large have been looking at alternative energy sources 
to replace the use of fossil fuels in support of the 
sustainable development goals and National green 
economy goals. Many countries have chosen biogas as 
a cleaner and safer substitute to fossil fuels [4].   
 Although nations worldwide have had rather 
recent interest in biogas as a fuel to replace fossil fuels 
and power their nations, biogas has been used since 
ancient times [4]. Some examples are; the use of 
biogas by ancient Assyrians to heat bath water, and in 
the seventieth century, Van Helmont a scientist 
observed that decaying organic material produced 
flammable gases and more recently, in the 1990’s 
Europe installed AD systems to treat municipal solid 
waste (MSW) [5],[2]. Biogas is a renewable energy, a 
mixture primarily consisting of methane (CH4) and 
carbon dioxide (CO2) [6]. It has diverse applications 
such as generating heat and electricity and that could 
be upgraded to bio-methane for use as a transportation 
fuel in vehicles and natural gas for other uses as well 
[6]. In addition, it can be produced using AD.  
 Anaerobic digestion was used in 1881 for the 
first time by a Frenchman, Mouras, to treat 
wastewater. Later, in 1895 an Englishman, Cameron, 
redesigned Mouras’s digester for better wastewater 
treatment efficiency and called his design septic tank 
[7]. In the following century AD technology had 
improved in design, however, was still largely used for 
wastewater treatment. In the early 1970s, with 
increasing global pollution control measures the 
application of AD systems broadened, including 
recycling of biological solids, retention of active 
biomass from the digester, and the collection of biogas 
from the system [7]. 
 Anaerobic digestion is a technology that uses 
biological processes to convert organic matter into 
biogas in the absence of oxygen [6]. It is use for 
production of biogas it has other applications and 
benefits, such as stabilizing organic waste, producing 
a soil conditioner or fertilizer and it also reduces 
greenhouse gas (GHG) emissions [8],[9]. Another 
benefit of AD is that, it is possible to mix and treat two 
or more organic wastes or substrates together to 
produce biogas. This is known as anaerobic co-
digestion (coAD). The substrate with high nutrients is 
considered the main substrate, whereas the substrate(s) 
with lower nutrients is considered the co-substrate [9]. 
CoAD increases biogas production.  
 The spectrum of substrates for biogas 
production broadens to include more organic wastes, a 
method that determine the methane potential of 
substrate is the biochemical methane potential (BMP) 
test [10]. The tests provide information such as the rate 
of material degradation and the expected methane 
yield per gram of material added, which is known as 
the specific methane yield [10]. It is also one of the 
tools used to assess whether using different substrates 
would be commercially viable and the importance in 
the prototyping design and the upscaling to the full 
commercial biogas plant. This research study focuses 
on the BMP’s of only three substrates name; abattoir 
waste, market waste, and grass substrates for co-
digestion under anaerobic conditions. 
A. Biogas 
 Anaerobic digestion is the organic waste 
decomposition in the absence of oxygen to produce 
biogas. Anaerobic decomposition occurs in nature, 
and however could be artificially induced, under 
controlled conditions [10]. This decomposition can 
either be natural or artificial, produces end-products 
such as ammonia (NH3), biogas, manure, peat, and 
sludge. However, end-products such as such as 
ammonia, moisture, carbon dioxide, and hydrogen 
sulphide (H2S) are considered as impurities when our 
focus is pure biogas. Biogas is primarily a mixture 
consisting of methane (CH4) and carbon dioxide (CO2) 
[5]. It is flammable, and potentially explosive. It can 
be artificially produced from the anaerobic digestion 
(AD) of organic material in a digester. During AD, 
microorganisms in affiliation with H2 and CO2 and 
Acetic Acid (CH3COOH) decompose materials and at 
the same time producing biogas [11]. In addition, 
biogas could be generated from most organic matter 
such as animal manure, food waste, sewage sludge, 
organic fraction of the municipal solid waste 
(OFMSW), agriculture waste. It could be used for 
heating purposes such as cooking and lighting, 
electricity generation, and could be upgraded to bio-
methane for use as a transportation fuel in vehicles [5]. 
It can also be upgraded to natural gas for other uses. 
The digestate can be used as organic fertilizers, carbon 
dioxide used for beverages preservation and other uses 
and volatile fatty acids (VFA) as feedstock for the 
bioplastics. 
B. Biogas production from anaerobic digestion 
 Anaerobic digestion is defined as a process in 
which microorganisms break down organics in the 
absence of oxygen [13]. These microorganisms are 
called anaerobic bacterium or anaerobes. This process 
under controlled conditions has the capability to 
convert organics into useful products such as biogas, 
and soil conditioners or fertilizers [7]. It also has 
environmental benefits including reduction of waste 
volume [7].  
 Traditionally, AD as a technology only 
treated a single substrate at a time, this is now known 
as mono-digestion, however it is now been used to 
simultaneously treat multiple substrates. This is 
known as co-digestion. Co-digestion is the 
simultaneous digestion of two or more substrates [12]. 
Agdag and Sponza define co-digestion as the 
treatment method of organic waste in which wastes are 
mixed and treated together in a digester [14]. Research 
on anaerobic co-digestion (coAD) has showed that 
simultaneously treating different substrates in digester 
improves biogas yields. 
 Further, the decomposition of a substrate by 
anaerobes occurs in four steps namely: hydrolysis, 
acidification, acetogenesis, and methanogenesis [15]. 
Fig. 1 summarizes the four stages of methane 
formation and after each stage is discussed. 
 
Figure 1: Substrate decomposition stages 
 
(a) Hydrolysis 
 Hydrolysis is the first stage in AD, where an 
organic matter which is made up of long chained 
molecules called polymers are decomposed into 
smaller molecules called monomers [17]. Anaerobic 
bacterium or any other specialized microorganisms are 
responsible for breaking down these polymers during 
hydrolysis. Polymers such as protein, carbohydrate 
and fat are broken down to monomers. These 
monomers include; monosaccharides from 
carbohydrates, amino acids from proteins and long-
chain fatty acids as well as glycerine from lipids [18]. 
The monomers resulting from the decomposition of 
polymers are further decomposed by the involved 
microorganism and used for their own metabolic 
processes [19]. The simple reaction below illustrates 
hydrolysis of a sugar. 
 
Sucrose + Water Glucose   +   Fructose (1) 
C12H22O11   + H2O                C6H12O6   + C6H12O6      (2) 
 
(b) Acidogenesis 
            Acidogenesis is the second stage of AD; it is 
also known as acid formation stage. Acidogenic 
bacterium which are hydrogen-producing bacterium 
are responsible for the degradation happening at this 
stage [13]. The employed acidogenic bacterium 
converts the end-product of the hydrolysis stage into 
short chained alcohols, ketones, volatile acids, and 
hydrogen and carbon dioxide. Major end products in 
this stage include; propionic acid (CH3CH2COOH), 
butyric acid (CH3CH2CH2COOH), acetic acid 
(CH3COOH), formic acid (HCOOH), lactic acid 
(C3H6O3), ethanol (C2H5OH) and methanol (CH3OH) 
[13]. From the product mentioned, hydrogen, carbon 
dioxide, and acetic acid skips the third stage, 
acetogenesis, and only utilized in the final stage, 
methanogenesis stage. Example of a reaction that 
happens at the acidogenesis stage is given in equation 
3. 
 
C6H12O6 + 2H2O                   2CH3COOH + 2CO2 + 
4H2                                                                        (3) 
 
(c) Acetogenesis 
         Acetogenesis the most important stage during 
AD, because it produces the main compounds needed 
for methanogenesis. It is the third stage where the end-
products from the acidogenesis stage are converted to 
acetate, hydrogen and carbon dioxide by hydrogen-
consuming acetogenic bacterium [20]. Methanogenic 
bacteria are unable to process any substrate other than 
acetate, carbon dioxide and hydrogen [21].  
 
(d) Methanogenesis 
         This is the final stage, where the formation of 
methane occurs. The formation of methane involves 
two biological reactions namely acetate fermentation 
which is the source of about 70% of methane 
production, and reduction of carbon dioxide by 
hydrogen and electron donors which produces 30% of 
LCFA
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methane [22]. Methanogenesis is severely influenced 
by operation conditions. Composition of feedstock, 
feeding rate, temperature, and pH are examples of 
factors influencing the methanogenesis process. 
Digester overloading, temperature changes or large 
entry of oxygen can result in termination of methane 
production [19].  
C. Anaerobic Digesters 
 
      There are many digesters world-wide, with 
different designs and working operations and the 
technology keeps growing. However, the essential 
function of a digester remains after all the same. A 
digester is in a shape of a tank or container with the 
primary function to store raw materials whilst 
inhibiting digestion [10]. There are different types of 
digesters such as a complete mix digester, a covered 
lagoon digester, and a plug flow digester, all uniquely 
designed to meet their specific operations. The 
difference in type is mainly due to the nature of the 
waste to be treated [10]. For example, a plug flow 
digester is recommended for animal manure having 
solid concentrations of 11-13% [10]. Digesters could 
be classified based on how it loads the feed, it be Batch 
feeding or continuous load feeding. 
      As for batch feeding, a full load of raw materials is 
placed into a digester, sealed and left to ferment and 
produce gas. When the gas production has ceased, 
digester is emptied and refilled with a new batch of 
raw material. One advantage of a batch-feed digester 
is that it requires little daily attention, and on the other 
hand a disadvantage is that gas and sludge production 
tend to change from one batch feed to another, making 
it difficult to predict outputs [23]. 
     Continuous loading digesters accept smaller 
quantities of feed, compared to a batch feed digester, 
continuously after a stipulated time in some cases 
every after 24 hours. In this way production of both 
gas and sludge is continues and the output predictable 
[24]. 
 
D. Substrates 
         A substrate is any organic material that is to be 
degraded in a digester. An organic material can be 
digested for many different reasons, usually with the 
purpose of obtaining the end-product. Some noticeable 
purposes for digesting organic materials are; the 
reduction in volume of organic municipal waste 
(MW), and the production of biogas and fertilizer. 
Nations worldwide and business have targeted organic 
wastes generated in their cities, farms, and industries 
such as; food waste from markets, grass silage, maize 
straws, and cow dung from farms, abattoir waste, and 
industrial waste, as substrates.  
      In the case of the production of biogas it is 
important to know that different substrates have 
different characteristics and they yield different 
quantities of methane. Therefore, careful selection of 
substrates should be based on conditions favourable to 
the digestion of the substrates, and the substrates 
methane potential to achieve desired yields. This 
study, however, focuses on the co-digestion of abattoir 
waste, market waste, and grass as substrates to 
produce biogas.  
(a) Abattoir Waste 
       Abattoir waste or slaughterhouse waste could be 
separated into two groups; solid abattoir waste and 
liquid abattoir waste. These can range from bones, 
carcasses, dead foetuses, fat, hair, hides, horns, etc. for 
solid abattoir waste, and bile, blood, chemicals, 
dissolved detergents, urine, water, and so forth for 
liquid abattoir waste. Abattoir waste can be used as a 
source for biogas production. They contain high levels 
of organic matter that can be converted into biogas 
[25]. Further, this waste is produced in abundance 
worldwide, for example The Republic of South Africa 
produces an estimated 113,750 tons of animal waste 
each day and with animal by-product (ABP) 
regulations in most countries, it makes abattoir waste 
a readily available raw material [25]. A study carried 
out by Rabah A.B. and his colleagues showed that two 
hundred grams (200g) of fresh rumen content of cattle 
fed in a digester produced about 25m3 of biogas in one 
week [25]. 
(b) Market Waste 
       Market waste could be anything organic disposed 
from a marketplace such as; fruits and vegetables 
residues, carbonated drinks, milk or dairy waste, 
discarded organic items just to mention few. A study 
carried out by Gunaseelan V.N. showed that a fresh 
and grown fruit waste can yield a minimum of 0.18 g- 
volatile solids (VS) added per day [26]. 
(c) Grass  
       A grass substrate could be dry yard trimmings or 
harvested freshly. It is expected that grass will yield 
less methane compared to abattoir waste or most 
market waste. 
E. Parameters that affects Biomethane Production 
(a) Type of digester 
      There are different types of digesters such as a 
complete mix digester, a covered lagoon digester, and 
a plug flow digester, all uniquely designed to meet 
their specific operations. The difference in type is 
mainly due to the nature of the waste to be treated [10]. 
For example, a plug flow digester is recommended for 
animal manure having solid concentrations of 11-13% 
[10]. 
(b) Temperature 
        The performance of a digestion process is 
temperature dependent. This is because the activities 
of anaerobes responsible for the substrate(s) 
decomposition are temperature dependent [10]. The 
rate of decomposition and gas production increases as 
temperature increases. However, it is also important to 
note that the digestion process destabilizes at higher 
temperature, this is the reason why scientist and 
engineers insist most digesters operate at least at 
mesophilic (30 ͦ C – 38  ͦC) and at most thermophilic 
(44 ͦ C – 57 ͦ C) temperature ranges.  The mesophilic 
temperature range is highly recommended because of 
the good stability and gas production [10]. Mesophilic 
digestion temperature ranges are most appropriate for 
AD. 
       There are three different temperature ranges at 
which AD can take place; mesophilic, thermophilic, 
and psychrophilic (<20˚C). Most anaerobic digesters 
run at either mesophilic or thermophilic temperatures, 
with optimum temperatures of 35 ͦ C and 55˚C, 
respectively. Temperature of digesters depends on the 
sort of reactor and on the feedstock composition [27]. 
The environmental temperature also has an important 
impact on the anaerobic microbial systems, which 
affects the ionization equilibria, fats, metabolic rate 
and substrate solubility [28]. Table 1 shows the range 
of anaerobic digestion temperatures under different 
hydraulic retention time 
TABLE 1: Thermal stages, process temperature and 
typical hydraulic retention time [29] 
Thermal Stages Process 
Temperature 
(oC) 
Hydraulic 
Retention 
Time (HRT) 
(Days) 
Psychrophilic < 20 70 - 80 
Mesophilic 30 – 45 14 – 40 
Thermophilic 44 - 57 14 - 20 
 
(c) pH 
      The difference in levels of the pH in the 
substrate(s), been digested affects the anaerobic 
digestion process. This is so because the concentration 
of hydrogen ion has a direct effect on the anaerobe 
growth [10]. The anaerobe should have a pH in the 
range of 6-8 for optimal activity, thus proper digestion 
and production of gases [10]. High acid and alkaline 
levels hinder digestion. 
        The pH-value is the degree of alkalinity/acidity 
of a solution or the measurement of acid concentration 
in aqueous substances [30].  pH is one of the most 
essential constraints for the stability of AD system, 
which can affect the activity of acidogenic and 
methanogenic microorganisms [31]. It affects the 
production of biogas because during the initial period 
of digestion, large amounts of organic acids are 
produced and the pH of the mixture decreases. And if 
the pH drops below 5, the digestion process might be 
inhibited or even stop. However, as digestion 
continues and the concentration of ammonia increases 
due to the digestion of nitrogen, the pH value increases 
and if it exceeds the optimum conditions, digestion 
process might be stopped. Each group of the 
microorganisms have different optimum pH range. 
The optimal pH range for methanogenesis in AD to be 
6.5 – 8.2 and it is appropriate for the methanogenesis 
process [32]. Where a pH range of 5.5- 6.5 for 
hydrolysis and acidogenesis, is recommended for 
optimal activity [33]. Methane forms faster at higher 
pH [34]. 
(d) Carbon/ Nitrogen Ratio 
      The carbon/ nitrogen (C/N) ratio is a measure of 
performance of the anaerobic digestion process [10]. 
It represents the relationship between the amount of 
carbon and nitrogen present in organic materials. It is 
also known that during anaerobic digestion, carbon 
serves as an energy source for the anaerobes, whereas 
nitrogen promotes microbial growth [10]. Therefore, 
neither carbon nor nitrogen should be deficient or in 
excess. Further, if the C/N ratio is too high, the 
nitrogen is consumed rapidly by the methanogens to 
meet their protein requirement and is no longer 
available to react on the left-over carbon content in the 
material, and thus biogas production is repressed [12]. 
On the other hand, if the C/N ratio is too low, nitrogen 
is liberated and accumulates in the form of ammonia 
as a result the pH increases and when it exceeds 8.2 it 
begins to exert a toxic effect on the methanogenic 
bacteria hindering biogas production [12]. The optimal 
C/N ratio for anaerobic digestion is in the range of 20-
30 [12]. To maintain the C/N level of the raw material 
in the digester at optimal levels, material of high C/N 
ratio can be mixed with material of low C/N ratio [12]. 
 
 
(e) Volatile Fatty Acids 
      Volatile Fatty Acids (VFA’s) are intermediate 
compounds usually composed of carbon chains made 
up of six carbon atoms and are produced during the 
acidogenesis process step of the AD process and 
whose concentration tends to indicate the 
effectiveness of the AD process at hand [20]. Some 
examples of VFA’s produced are acetate, butyrate, and 
propanoate. Accumulation of VFA’s above optimal 
conditions in an aerobatic digester causes a drastic 
reduction in pH therefore hinders the methanogenic 
process or the formation of methane and thus counter 
to the goal of producing biogas. However, a decrease 
in pH is not always due to high accumulation of 
VFA’s, an organic material been digested usually 
decreases pH and thus care should be taken in the 
identification of the cause of a pH drop and thus proper 
rectification. In addition, and more importantly VFA’s 
have a significant role in the entire degeneration 
mechanisms of organic waste digestion, as the 
accumulation of the intermediate products, VFAs, is 
the rate-limiting step [30]. 
(f) Retention Time 
     Retention Time (RT) is the time required to 
degrade the organic matter (substrate) completely and 
for bacterium to grow [35]. The digestion time inside 
the digester reactor influences the methane yield. The 
RT for anaerobic digestion reactions varies with 
process parameters such as temperature and waste 
composition. Whilst, the RT for an organic feed in 
mesophilic condition varies from 14 - 40 days, and 14 
– 20 days for thermophilic conditions [35]. Further, it 
can be calculated using the formula below. 
     In addition, there are two important types of RT 
which are solid retention time (SRT) and hydraulic 
retention time (HRT). SRT refers to the residence time 
of the bacteria (solids) in the anaerobic digester and 
HRT is the time that the fluid element of the feed 
remains in the digester [13]. Lastly, effective hydraulic 
retention time depends on the type of substrate, 
loading rate, and at an optimal digestion period. 
Shorter HRT usually results in accumulation of VFAs, 
whereas at longer HRT than optimal, the digester 
components are not effectively utilized [36]. 
(g) Organic Loading Rate 
     The organic loading rate (OLR) is the number of 
volatile solids to be fed into the digester at every 
stipulated time, usually every 24 hours in continuous 
process. As the organic loading rate increases, the 
biogas yield increases to some extent but above the 
optimal OLR the volatile solids degradation and 
biogas yield decreases due to overloading [37]. The 
maximum possible OLR depends on the process 
temperature and its retention time. 
(h) Mixing 
      To achieve optimal AD, it is important to maintain 
the substrates homogeneity [10]. Mixing enables to 
maintain uniformity in the substrate’s concentration, 
temperature within the digester, and avoid scum 
formation. However, it is also important to note that 
mixing should not be too fast or too slow, because 
mixing too fast disrupts the microbial balance and too 
slow can cause inadequate mixing [5]. 
(i) Dilution 
      Water should be added to the raw material if need 
be, to have a slurry which is neither too thick nor too 
thin. If the raw material is too diluted, degradation of 
the solid particles will be difficult and may not happen, 
whereas if the slurry is too thick mixing becomes 
difficult and therefore inadequate mixing. In addition, 
different systems can handle different levels of slurry 
density, generally in the range of 10-25% of solids [5]. 
(j) Ammonia 
     Ammonia formed from the degradation of nitrogen 
containing compounds is an important source of 
nitrogen which is essential for the growth of bacteria 
in the AD system [38]. A healthy population of 
bacterium means a ‘healthy’ production of biogas. 
However, excess concentrations of ammonia become 
toxic for the bacterium, deceasing bacterium activity, 
and optimal capabilities to produce biogas. 
(k) Toxicity 
     Mineral ions including; heavy metals and 
detergents, are among the materials that promote 
normal growth of bacteria in a digester. Further, small 
quantities of minerals, such as ammonium, calcium, 
magnesium, potassium, and sodium, stimulate 
bacterium growth; however above recommended 
amounts of these minerals have toxic effects on the 
bacterium [5]. In addition, some of the heavy metals 
used for the enhancement of bacterium growth in AD 
systems include; chromium, copper, lead, nickel, and 
zinc and for detergents compounds such as antibiotics, 
organic solvents, and soaps soap are used.  
 
(l) Chemical Oxygen Demand  
      The Chemical Oxygen Demand (COD) is used to 
determine the organic material content of feedstock 
sample. This is achieved by introducing a strong 
biochemical reacting agent to the feedstock in an 
acidic system [39]. 
F. Biochemical Methane Potential (BMP)Test 
     The biochemical methane potential (BMP) is a 
more convenient method for determine the methane 
yield of organic substrates [26]. It also helps in 
determining the extent and rate of conversion of a 
substrate to methane [26]. 
2. METHODOLOGY 
      Abattoir waste, market waste, and grass that was 
collected at the City of Johannesburg, South Africa. 
Abattoir waste (AW) sample comprised of bones, fat, 
flesh, and guts and market waste (MW) sample 
comprised of fruit and vegetable waste. Grass sample 
was collected from local park in Johannesburg. The 
samples were stored in the refrigeration at 4oC. 
A. Substrate Characterization  
      The samples were characterized under proximate 
and ultimate analyses before any BMP test was 
conducted. Proximate analysis included volatile solids 
(VS), moisture content (MC), and total solids (TS). 
Ultimate analysis included the determination of the 
elemental analysis (CHNS). Size reduction was 
conducted before characterization. The proximate 
analysis in determination of the moisture content and 
totals solids were determined using oven at 1050C for 
24 hours. The volatile solids were determined at 550oC 
for 2 hours.  
B. Experimental procedure  
      Samples pre-treatment: mechanical (physical)-size 
reduction, chemical-pH adjustment was undertaken. 
The mono-digestion loading rate, AW (bones, fat, 
flesh, and guts), MW (fruit and vegetables), and grass 
was weighed and fed into the anaerobic digester. The 
co-digestion loading rate of the substrate was digested 
in the ratio of 1:1. The batch process was conducted 
under mesophilic conditions of 37oC of hydraulic 
retention time (HRT) determined by the rate of 
degradation of the substrate and biomethane 
production. Fig. 2 shows the biomethane potential 
(BMP) test unit. 
 Fig 2: Biomethane production set-up (biochemical 
methane potential (BMP) test, (1) thermostatic water 
bath, (2) glass bottle reactor, (3) CO2-fixing unit and 
(4) gas volume measuring device) 
 
3. RESULTS AND DISCUSSION 
A. Substrate Characterization  
Table 2 shows the proximate analysis of the substrates. 
TABLE 2. Proximate analysis of substrates 
Substrates Sample ID MC% VS% TS% 
Market Waste MW 13.81 3.64 87.87 
Grass G 8.81 3.89 91.9 
Abattoir Waste AW 15.78 0.42 86.37 
Market Waste, 
Grass, & 
Abattoir Waste 
MW,G,& 
AW 14.02 3.33 87.7 
        From Table 2, the abattoir waste reported lowest 
VS (0.42%) with market waste reporting highest 
(13.81). This suggested high nutrients and potential in 
biomethane production. The cow blood had a high TS 
content (86.37%), cabbage and fruit peel have a 
volatile solid content and total solid content of 3.64% 
and 87.87% respectively, whereas fresh grass has the 
highest volatile solid and total solid contents of 3.64% 
and 91.9% respectively. The mixture of the substrates 
has the total solid content of 87.7% and one of the 
volatile solid content of 33.3%. Total solids 
percentage represented organic and inorganic material 
in the feedstock, while the volatile solids represent 
only the organic matter of the feedstock [40]. Higher 
volatile content tends to produce a higher methane 
yield due to balance of the microbial to nutrients. The 
average moisture content of the four samples: 13.81% 
for cabbage and fruit peel, 8.81% for fresh grass, 
15.78% for cow blood, and 14.02% for the 
combination are presented respectively. High moisture 
content favoured optimal biomethane production as it 
encouraged high-quality biogas rich in methane [40]. 
This is because, high moisture content creates a long, 
healthy lifespan for bacterium that enables bacterium 
to release methane, and for metabolic processes to 
occur [40]. Moisture content of 90% is recommended 
for optimal conditions [41]. Table 3 shows the ultimate 
analysis of the substrates. 
TABLE 3: Ultimate analysis (elemental analysis) of 
substrates 
SUBSTRATE N (%) 
C 
(%) 
H 
(%) 
O 
(%) 
C/N 
Ratio 
Market waste 2.82 43.92 5.91 47.35 15.57 
Abattoir  15.01 49.04 7.09 28.86 3.27 
Grass 4.02 37.81 5.62 52.55 9.41 
Where: N -Nitrogen, C -Carbon, H -Hydrogen, O-
Oxygen 
 
      The carbon/ nitrogen (C/N) ratio is a measure of 
performance of the anaerobic digestion process [10]. 
It represents the relationship between the amount of 
carbon and nitrogen present in organic materials. It is 
also known that during anaerobic digestion, carbon 
serves as an energy source for the anaerobes, whereas 
nitrogen promotes microbial growth [10]. Therefore, 
neither carbon nor nitrogen should be deficient or in 
excess. Further, if the C/N ratio is too high, the 
nitrogen is consumed rapidly by the methanogens to 
meet their protein requirement and is no longer 
available to react on the left-over carbon content in the 
material, and thus biogas production is repressed [12]. 
On the other hand, if the C/N ratio is too low, nitrogen 
is liberated and accumulates in the form of ammonia 
as a result the pH increases and when it exceeds 8.2 it 
begins to exert a toxic effect on the methanogenic 
bacteria hindering biogas production [12]. The optimal 
C/N ratio for anaerobic digestion is in the range of 15-
30 [12]. To maintain the C/N level of the raw material 
in the digester at optimal levels, material of high C/N 
ratio can be mixed with material of low C/N ratio [12]. 
 
       From Table 3. it is observed that the C/N ratios for 
the three substrates were; 15.57 for market waste, 3.37 
for abattoir and 9.41 for grass. Market waste C/N ratio 
was within the range of 15-30. Abattoir and Grace 
ratio was below the range and thus needed to be co-
digested.  
B. Biomethane potential (BMP) test 
     Fig. 3 showed the amount of methane produced 
over hydraulic retention time of 14 days mesophilic 
conditions using biomethane potential test kit.
 Fig. 3: Biomethane potential test for the mono and co-digestion of the substrates 
       Fig. 3 showed the anaerobic digestion (AD) for 
mono-digestion of each substrate and co-digestion for 
all substrates. It was observed that for all sample the 
methane production increased with increasing 
0
200
400
600
800
1000
1200
0 2 4 6 8 10 12 14
Me
tha
ne
 Pe
od
uce
d (
Nm
l)
Retention Time (Days)
Methane Yield of Samples
Grass Market Waste Abbatoir Waste Grass, Market Waste, & Abbatoir Waste
retention time, thus a direct proportionality 
relationship between the two parameters of microbial 
activity. It was observed that all the samples ceased to 
produce methane days before the stipulated 14 days 
retention time. This could be due to; the depletion of 
active microbial supplied from the inoculums, 
depletion of the substrate’s nutrients. The mono-
digestion of market waste with the one of the highest 
volatile solid content or organic nutrients had a longer 
retention time of 12 days compared to the other 
samples with lesser organic nutrients and retention 
time of 10 days. Abattoir waste and market waste 
produced 722.1 Nml and 470.7 Nml of methane after 
14 days respectively. Mono-digestion of grass 
produced the high methane (1035.3 Nml) after the 
stipulated 14 days retention time due to high nutrient 
value. This was articulated by highest volatile content 
or most organic nutrients of grass, meaning more 
organic for bacterium to breakdown and thus more 
methane produce. The co-digestion of the mixture of 
substrates produced 1013.1 Nml of methane after 14 
days. This could be due to the 1:1:1:1 weight ratio of 
sample. Fig. 3 showed that the co-digestion produced 
the most biomethane due to appropriate balance of the 
nutrients to microbial.  
(c) pH Measurements of samples  
       pH measurements of samples were taken before 
and after digestion, Table 4 shows results of the pH 
taken from the samples thereof.  
TABLE 4. pH measurements 
Sample 
No 
Before 
Experiment 
After 
Experiment 
1 7.1 7.38 
2 6.86 7.16 
3 7.15 7.48 
4 11.11 7.21 
 
       The difference in levels of the pH in the 
substrate(s), been digested affects the anaerobic 
digestion process because the concentration of 
hydrogen ion has a direct effect on the anaerobe 
growth [10]. The anaerobe should have a pH in the 
range of 6-8 for optimal activity, proper digestion and 
production of gases [10]. High acid and alkalinity 
levels hinder digestion. From Table 3, the pH before 
digestion shows the acid/alkalinity characteristic or 
rather identity of the samples that was within the 
optimum range of 6-8. A slight increase was observed 
in pH after digestion due ammonia content production. 
This was regulated optimum C/N ratio, appropriate 
organic loading rate, constant temperature, co-
digestion to regulate microbial activities and pre-
treatment. 
D. CONCLUSION 
      It was observed that abattoir waste and market 
waste produced 722.1 Nml and 470.7 Nml of methane 
after 14 days respectively of the hydraulic retention 
time. Mono-digestion of grass produced much high 
methane (1035.3 Nml) due to high nutrient value. Co-
digestion of the three substrates (market, abattoir and 
grass waste) produced higher methane content than 
mono-digestion. The co-digestion of substrate assisted 
regulate the pH, nutrients level, C/N ratio and 
food/microbial balance that favours the methanogenic 
bacteria and enhanced high production of the 
biomethane. 
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